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1
SUB-SYMBOL RATE CABLE TESTER

INCORPORAITION BY REFERENC.

L1

This application 1s a continuation of U.S. application Ser.
No. 12/330,751, filed on Dec. 9, 2008, now 1ssued as U.S. Pat.

No. 8,513,952 on Aug. 20, 2013, which claims the benefit of
U.S. Provisional Application No. 61/007,072, filed on Dec.

11, 2007. The disclosures of the applications referenced
above are incorporated herein by reference in their entireties.

BACKGROUND

A cable tester (CT) can test the cable length, cable band-
width, and other characteristics of a cable or transmission line
that conducts a signal from a physical layer device (PHY) to
a remote terminal or termination. The C'T may be located 1n or

near the PHY. The cable length can vary from zero to several
hundred meters or more.

The cable can attenuate the AC and DC components of the
signal, distort the signal, and introduce other impairments,
such as impairments that are a function of cable length. For
example, the cable can attenuate a DC component that powers
the remote terminal. The AC components of the signal may be
subject to distortion, such as dispersion and inter-symbol
interference (ISI), cross-talk from nearby conductors 1n the
cable, and other impairments.

The cable may be a multi-conductor cable, such as a CAl
5 or CAT 3¢ cable that includes multiple unshlelded twisted
pairs, a parallel data cable or ribbon cable, a single conductor
pair, such as a coaxial cable a single twisted pair, and the like.
Both types of cable can carry an injected signal or source
wavelorm from a PHY to a remote terminal and a reflected
signal back to the PHY. A multi-conductor cable can carry
multiple signals, such as the signal from the PHY to the
remote terminal and other signals on other conductors, such
as a loop-back signal from the remote signal back to the PHY.

The generator impedance of the PHY or the termination
impedance of the remote terminal may be mismatched to the
cable impedance. An impedance-mismatched generator or
termination can retlect a portion of the injected signal back to
the PHY. For example, an imperfectly impedance matched
termination can cause a far-end retlection that returns an echo
to the signal source or generator 1n the PHY after a round-trip
propagation delay. When the velocity of the injected signal on
the cable 1s known, then the distance between the PHY and
the remote terminal can be determined by measuring the
round-trip propagation delay by the signal group velocity.

The time domain reflectometry (TDR) method 1s a radar-
like method that can determine the length of the cable
between a PHY and a remote terminal. In the TDR method,
the CT can generate a pulse with fast rise and fall times
compared to a data symbol clock period then measure the
reflected signal from the cable. The reflections may be near-
end reflections, intermediate-distance reflections, or far-end
reflections from 1impedance discontinuities, such as opens or
shorts, at corresponding distances from the CT to the remote
terminal or cable termination. The TDR method can work
well, up to about 400 meters, when the impedance mismatch
of the remote terminal to the cable 1s large, such as an open-
circuit or a short-circuit termination. However, the TDR
method may miss small reflections from a mis-matched ter-
mination, especially when the reflections are masked by
noise, such a recerver noise, cross-talk on the cable, quanti-
zation noise from an analog to digital converter (ADC), and

the like.
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2
SUMMARY

A cabletester (C'T) that has an adjustable symbol clock rate
can test the transmission characteristics of cables coupled to
the CT over longer distances than a CT that operates at a fixed
data symbol clock rate. For example, the CT may 1nject a test
signal or training signal into a cable that conducts the signal to
a remote terminal that 1s approximately 400 meters away
from the CT. The training signal may be synchronous with a
sub-symbol clock rate that 1s a fraction of the data symbol
clock rate. The C'T may be included 1n a physical layer device
(PHY) that tests cable characteristics using a digital signal

processing (DSP) method.

In DSP methods, such as the IEEE standard DSP methods
for 100 Base-T (100 Mbps) and 1000 Base-T (1 Gbps) opera-
tion, respectively, the CT can sample the echo or retlected
signal that 1s present on the cable and adaptively filter the
sampled signal. The adaptive filter coellicients can quantily
how much echo comes back from the cable and can associate
a time delay with each portion of the echo signal. The DSP
method can determine 11 there 1s an impedance discontinuity
along the cable or at the end of the cable. The DSP method can
also determine the type of impedance mismatch, such as an
open-circuit, a short-circuit, a slight resistive, inductive, or
capacitive mismatch, and the like. The DSP method can deter-
mine the cable length and other cable characteristics from
even small amounts of reflection from the cable.

One type of DSP method can use a co-operative remote
terminal or link partner. For example, a master-slave DSP
method can use an adaptive filter to characterize a cable that
carries a 1000 Base-T gigabit link signal. In this case, the CT
can analyze the adaptive filter tap coeflicients to determine
the cable length and other cable characteristics. The co-op-
erative the DSP method can also determine cable attenuation
versus frequency, cross-talk versus frequency, and other cable
characteristics.

A non-cooperative or slave-silent mode DSP method may
also be used to characterize the cable. For example, 1n a
standard IEEE 1000 Base-T operational mode, the PHY can
become the master and the remote terminal can become a
slave that does not generate a signal and 1nject the signal onto
the far end of the cable. An un-powered remote terminal may
also be treated as a slave. During the slave-silent mode of
cable characterization, the master can inject a training signal
that follows a known training pattern or training sequence
into the cable. The traiming sequence may be a spectrally
spread signal, a pseudo noise (PN) sequence, and the like.
Once the tramning or cable characterization 1s complete, the
master can establish a communications link at a normal or
standard data symbol rate over the characterized cable.

The slave-silent mode can apply to situations in which the
PHY either has no link partner or when the link partner 1s
powered down, such as an Internet protocol (IP) phone or IP
camera, and the like that receitves power from a remote
switch. In some case, a PHY can couple to a remote terminal
that 1s more than 100 meters distant.

A CT, such as a CT built into a PHY can decrease the data
symbol clock rate to a sub-symbol rate during an adaptive
filter training sequence then analyze the DSP tap coelficients
to characterize the cable. The tap spacing or time delay diif-
ference 1n a digital delay line withun the adaptive filter can
increase when the symbol clock rate decreases. For example,
in a 1000 Base-T PHY, each tap coelficient can correspond to
a sample spacing of eight nanoseconds (ns). In this case,
increasing the training symbol clock period by a factor of two
can double the sample and tap coellicient spacing to 16 ns. In
this example, the cable length can be resolved to 16 ns divided
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by the signal group velocity on the cable. When the number of
adaptive filter tap coetficients 1s held constant, adjusting the
symbol clock rate to a sub-symbol rate during the training
sequence can increase the length over which the cable can be
characterized in mverse proportion to the amount of symbol
rate adjustment. In other words, using the sub-symbol rate
training sequence, the number of tap coellicients may remain
at the number used at the standard data symbol rate.

The non-cooperative DSP method can apply to loop-back
signals as well as reflected signals. For example, a remote
terminal that includes a relay can connect the 1injected signal
on one pair of conductors onto a second pair of conductors
that return the signal to the PHY. The relay may be set to a
state or position that provides a round-trip connection or
loop-back signal to the PHY when the remote terminal 1s
powered down. The DSP method can treat the loop-back
signal as a large retlected signal, adaptively filter the reflected
signal, extract a round-trip delay from the adaptive filter
coellicients, and determine the cable length and other cable
characteristics. In this case, the PHY can act as a master and
the un-powered remote device can act as a slave-silent device.
The adaptive filter tap coellicient spacing can increase 1n
iverse proportion to the decrease in the symbol rate clock
used during the cable characterization training sequence.

Aspects of the present disclosure provide for a cable tester
that can test a cable to determine the cable length. The cable
tester can include a clock generator that generates a clock that
has clock period that 1s a multiple of the data symbol period
and a signal generator that injects the training signal, which
can be synchronous with the clock, into the cable. The cable
tester can also include a recerver that samples the returned
signal from the cable and adaptively filters the returned signal
based on the traiming signal and a controller that determines
the cable length from the adaptive filter tap coetficients.

Aspects of the present disclosure can provide for a method
for characterizing a cable delay. The method can include
generating a clock that has a training clock period that 1s a
multiple of a data symbol period, injecting a training signal
that 1s synchronous with the clock into the cable, sampling the
returned signal from the cable, filtering the returned signal
with an adaptive filter having multiple tap coetlicients, and
calculating the cable delay based on the tap coetlicients.

BRIEF DESCRIPTION OF THE DRAWINGS

The disclosure will refer to the accompanying figures,
wherein like numerals represent like elements, and wherein:

FIG. 1 shows an example of a digital signal processing
(DSP) physical layer device (PHY);

FIG. 2A shows an example of a set of tap coellicients;

FIG. 2B shows an example of a set of tap coelilicients;
FIG. 2C shows an example of a set of tap coellicients;
FIG. 2D shows an example of a set of tap coellicients;
FIG. 3 shows an example of the controller;
FI1G. 4 shows an example of a program flowchart; and
FIG. 5 shows an embodiment of a program step for calcu-

lating the cable delay.

DETAILED DESCRIPTION OF EMBODIMENTS

FIG. 1 shows an example of a cable tester 100 that can

include a DSP-PHY 110, a clock generator 120, and a con-
troller 130. The DSP-PHY 110 can receive a master clock
signal from the clock generator 120 and configuration and
control signals from the controller 130. The DSP-PHY 110
can transmit a signal over a cable 180 to a termination or a
remote terminal 190. The cable 180 may include multiple
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conductors, such as multiple conductor pairs that conduct the
injected or transmitted signal to the remote terminal 190,
conduct reflected signals or loop-back signals from the
remote terminal 190, provide power to the remote terminal
190, and the like.

A portion of the mnjected signal can return to the DSP-PHY
110 after reflection from the remote terminal 190 or a portion
of the cable 180. The returned signals can be reflected ver-
sions of the rejected signal from the same conductor(s) or
loop-back signals that are returned to the DSP-PHY 110 via a
different set of conductors. For example, an un-powered
remote terminal 190 can return a loop-back signal to the
DSP-PHY 110 using a relay set to a default position.

The DSP-PHY 110 can include a clock divider 1104, a
signal generator 1105, and a recetver 110c¢. The clock divider
110a can divide a master or data symbol clock signal from the
clock generator 120 by a programmed clock divisor, such as
one, two or more to generate a training clock that has a clock
period that 1s a multiple of the data symbol clock period.
Division by one can correspond to a normal or data symbol
clock rate that the cable tester 100 uses once training 1s
complete. Division by greater than one, for example, can
correspond to a training mode that characterizes the cable 180
over a length of more than 100 meters. As another example,
the clock divider 110a can receive a division factor from the
controller 130 that halves the master or data symbol clock. As
an example, for a 100 Base-T signal, the clock generator 120
can generate a 25 MHz master clock signal that the clock
divider 110q divides to generate a 12.5 MHz divided clock
signal. The 12.5 MHz divided clock signal can synchronize
both the receiver 110¢ and the signal generator 1105.

The signal generator 1106 can use the divided clock to
determine an training clock rate or sub-symbol clock rate at
which training signals may be transmitted over the cable 180.
Both the training signals and digital signals that are transmiut-
ted at the data symbol rate may be line-coded, modulated,
scrambled, spectrally-spread, and the like. For example, the
signal generator 1105 can transmit a non return to zero (NRZ)
bit stream, an M-ary multilevel signal, a quadrature amplitude
modulation (QAM), a quadrature amplitude shift key
(QASK), a differential phase shift key (DPSK), a pulse-po-
sition modulation (PPM) signal, and the like over the cable
180.

The recerver 110¢ can measure injected, outgoing signal
from the signal generator 1106 and the reflected or loop-back
signals from the cable 180. For example, the receiver 110c¢
can measure near-end reflections, far-end reflections, and
other retlections of intermediate distance along the length of
the cable 180 as discussed with respect to FIG. 2.

The recerver 110¢ can sample and adaptively filter the
return signals from the cable. For example, the receiver 110c¢
can sample the returned signal with an analog to digital con-
verter (ADC) and adaptively filter the returned signal using a
13 tap or a 256-tap adaptive filter that processes samples of
the returned signal 1n synchrony with the sub-symbol clock.
In other words, during training, the recerver 110¢ can process
the return signal 1n synchrony with a known training sequence
on the ijected signal. The known training sequence may
assist the adaptive filtering process when used 1n a decision-
directed adaptive filter or 1n other forms of adaptive filter.

The controller 130 can configure the internal divider 1104,
the transmission generator 1105, and the receiver 110¢ and
can estimate or determine the cable round-trip delay and
cable length by analysing the tap coellicients 1n the recerver
110c¢. For example, the controller 130 can download a train-
ing sequence 1nto the transmission generator 1105 that causes
a pseudo-random training signal to be 1mnjected into the cable.
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The traiming sequence and the adjusted or sub-symbol clock
rate can modily a condition number, such as a ratio of a
maximum to a minimum eigenvalue of the channel matrix for
the round-trip channel from the PHY and back, so that an
adaptive filter can resolve an impedance discontinuity that
determines cable length. In other words, the controller 130
can generate a training signal at a symbol rate that increases
the inter-tap delay spacing and conditions the round-trip
channel matrix for inversion by adaptive digital signal pro-
cessing techniques. It may be appreciated that digital signal
processing (DSP) adaptive filters, such as the least mean
square (LMS) algorithm, the Kalman algorithm, recursive
least squares filters, lattice filters, and the like, can identity the
characteristics of the channel such that, for example, a propa-
gation delay to an impedance discontinuity or a cable length
can be determined.

FIG. 2A shows an example of a set of tap coellicients 210
for a 13-tap adaptive filter that processes a return signal at a
data symbol clock rate that has a period of 25 microseconds.
The fourth tap 210a can correspond to a delay associated with
a round trip cable length of 100 meters or a cable length of 50
meters.

FIG. 2B shows an example of a set of tap coellicients 220
for a 13-tap adaptive filter that processes a return signal at a
symbol clock rate that 1s one-half of the data symbol clock.
The tap coellicients 220 can peak at the second tap coetficient
220a corresponding to a delay associated with the same cable
length of 50 meters using a sub-symbol rate clock that 1s half
of the data symbol clock. In other words, the second tap 220a
can correspond to a primary reflection that 1s resolved by an
adaptive filter with double the tap spacing or delay. The cable
delay can be determined by selecting a peak tap coefficient
and multiplying the tap index by the sub-symbol rate clock
period.

FI1G. 2C shows an example of a set of tap coellicients 230
for a 13-tap adaptive filter that processes a return signal at the
data symbol clock rate. The seventh tap 230a can correspond
to a delay associated with a cable length of 112.5 meters.

FIG. 2D shows an example of a set of tap coellicients 240
for a 13-tap adaptive filter that processes a return signal at a
symbol clock rate that 1s one-half of the data symbol clock
rate. The tap coetlicients 240 can peak between the third and
fourth numbered tap coelficient 240a corresponding to an
interpolated delay associated with the same cable length of
112.5 meters using a sub-symbol rate clock that 1s half of the
data symbol clock. The interpolated delay can correspond to
a centroid of a returned signal. The centroid can be deter-
mined by parabolic interpolation, differentiating a phase
unwrapped phase response from a Fourier transform of the
tap coelficients to determine a group delay, and the like. In
other words, the second tap 220a can correspond to a primary
reflection that 1s resolved by an adaptive filter with double the
tap spacing or delay.

FIG. 3 shows an example of the controller 130 in an
embodiment. The controller 130 can include a tap coetficient
analyzer 130a. The tap coeflicient analyzer 1304 can include
a Fournier transform unit 130c¢, a phase calculator 1304, and a
phase differentiator 130e. The controller 130 can extract tap
coellicients from the adaptive filter 120a 1n the receiver 110c¢
and can Fourier transform the tap coelificients to determine an
inphase and quadrature response of the tap coetlicients. The
Fourier transform unit 130c¢ can couple the inphase and
quadrature responses to the phase calculator 1304.

The phase calculator 1304 can determine a phase response
from the inphase and quadrature responses. For example, the
phase calculator 1304 can determine the radian phase of each
of the frequency components of a 256-point Fourier trans-
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form. The phase calculator 1304 can couple the phase
response to the phase differentiator 130e, which can deter-
mine a group delay that corresponds to a cable round-trip
delay by differentiating the phase response with respect to
radian frequency. The phase differentiator may weight the
differentiated phase response by the Fournier transform mag-
nitude response or other weighting factors so that the esti-
mated group delay corresponds to a centroid or averaged
cable delay estimate. It may be noted that, with respect to the
phase calculator 1304, the modulo-2m phase estimate may be
unwrapped before phase differentiation by the phase difier-
entiator 130e.

FIG. 4 shows an example of a program flowchart 400
according to an embodiment. The program can begin at a
program step S405 and can proceed to program step S410 1n
which the program can generate a training clock signal from
a master clock signal. For example, the program can divide a
master clock signal by two to generate a half rate or sub-
symbol rate clock having a period that 1s twice the master
clock.

From program step S410, the program can flow to program
step S420 1n which the program can generate a training signal
that 1s synchronous with the training clock. For example, a
training clock that operates at half the data symbol clock rate
or 62.5 MHz may be synchronous with a training signal that
has training symbols that are transmitted with a 16 nanosec-
ond (ns) and 1s 1njected into the cable.

From program step S420, the program flow can proceed to
program step S430 in which the return signal from the cable
1s sampled. For example, the receiver 110¢ can sample the
return signal using a 16 ns sampling period. The sampling
process can convert the return signal from an analog signal to
a digital signal using, for example, an eight-bit analog-to-
digital converter (ADC). From program step S430, the pro-
gram flow can proceed to program step S440 1n which the
program can {ilter the returned signal. For example, the pro-
gram can adaptively filter the return signal so that a set of
adaptive filter coetficients characterizes the cable. The adap-
tive filter coellicients can, for example, exhibit a peak mag-
nitude, such as the peak magnitude shown with respect to
FIG. 2A and denoted by the time or index 210aq. Filtering the
return signal in program step S440 can include, for example,
using a least-mean square (LMS) algorithm, a Kalman filter,
a lattice filter, a decision-directed adaptive filter, and the like.

From program step S440, the program flow can proceed to
program step S450 1n which the program can calculate the
cable delay based on tap coellicients. For example, the pro-
gram can use the imndex of a tap coelficient having a peak
magnitude and determine the cable delay by multiplying the
index by the adaptive filter tap coelficient delay spacing.
From program step S4350, the program tlow can proceed to
program step S455, where the program can stop.

FIG. 5 shows an embodiment of a program step for calcu-
lating the cable delay S450 1n which the program can calcu-
late a cable delay from a Fourier analysis of the tap coefli-
cients. The program step S450 can include a program step
S450a 1n which the program can Fourier transform the tap
coellicients. For example, the program can Fourier transform
a 256-tap coellicient set using a 236-point fast Fourier trans-
ter (FFT). From program step S450q, the program can pro-
ceed to program step S45056 1n which the program can calcu-
late the phase response of the tap coellicients. For example,
the program can calculate a four-quadrant arctangent and can
unwrap the phase response to remove modulo-2m disconti-
nuities. From program step S4505, the program can proceed
to program step S450¢ 1n which the program can differentiate
the phase response as a function of radian frequency. For
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example, the program can apply a smoothing or low pass
differentiation function to determine a group delay estimate
at a centroid frequency of the training signal.

While the invention has been described 1n conjunction with
the specific exemplary embodiments thereof, 1t 1s evident that
many alternatives, modifications, and variations will be
apparent to those skilled 1n the art. Accordingly, embodi-
ments of the mvention as set forth herein are intended to be
illustrative, not limiting. There are changes that may be made
without departing from the spirit and scope of the mvention.

What 1s claimed 1s:

1. A cable tester coupled to a cable comprising:

a signal generator configured to inject a training signal into
the cable:

a recerver configured to sample a returned signal from the
cable and adaptively filter the returned signal based on
the training signal; and

a controller configured to determine a length of the cable
based on the highest tap coellicient among a plurality of
coellicients, the controller further configured to trans-

form a plurality of tap coellicients to a frequency domain

by a Fourier transform unit, determine a phase response

based on the transformed tap coetficients, and determine
a round-trip delay from a differentiation of the phase
response with respect to a radian frequency.

2. The cable tester of claim 1, further comprising:

a clock generator configured to generate a clock signal
having a data symbol period, the training signal being
synchronous with the clock signal; and

a clock divider configured to divide the data symbol period
to generate the training signal having an adjustable clock
period that 1s a multiple of the data symbol period.

3. The cable tester of claim 2, wherein the multiple 1s

greater than unity.

4. The cable tester of claim 1, wherein the controller further
comprises a tap coellicient analyzer configured to calculate
the round-trip delay from the tap coetlicients.

5. The cable tester of claim 4, wherein the tap coetlicient
analyzer determines at least one of an index of the highest tap
coellicient and a group delay that 1s based on a tap coetficient
phase response.

6. The cable tester of claim 1, wherein the controller 1s
turther configured to download a training sequence that
includes a plurality of pseudo-random training symbols to the
signal generator.

7. The cable tester of claim 1, wherein the controller 1s
turther configured to determine a cable frequency response.

8. The cable tester of claim 1, wherein the returned signal
1s at least one of a reflected signal and a loop-back signal.

9. The cable tester of claim 4, wherein the tap coetlicient
analyzer comprises:

a phase extractor configured to determine the phase

response based on the transtormed tap coetlicients; and

a differentiator configured to determine the round-trip
delay from the differentiation of the phase response with
respect to the radian frequency.
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10. The cable tester of claim 1, wherein the controller 1s
further configured to determine the length of the cable by
dividing the round-trip delay by a pre-determined group
velocity at which the training signal propagates on the cable.

11. A method for characterizing a cable delay, comprising:

injecting a training signal into a cable by a signal generator;

sampling a returned signal from the cable and adaptively
filtering the returned signal based on the training signal
by a recerver; and

determiming a length of the cable based on the highest tap

coellicient among a plurality of tap coelficients by a

controller, determining the length further comprising:

transforming a plurality of tap coeflicients to a Ire-
quency domain by a Fourier transform unait;

determining a phase response based on the transformed
tap coelficients; and

determining a round-trip delay from a differentiation of
the phase response with respect to a radian frequency.

12. The method claim 11, further comprising:

generating a clock signal having a data symbol period by a

clock generator;

synchronizing the traiming signal with the clock signal; and

dividing the data symbol period and generating the training,

signal having an adjustable clock period that 1s a mul-
tiple of the data symbol period by a clock divider.

13. The method of claim 12, wheremn dividing the data
symbol period generates the training signal having the adjust-
able clock period that 1s the multiple of the data symbol period
being greater than unity.

14. The method of claim 11, further comprising;:

calculating the round-trip delay from the tap coelficients by

a tap coellicient analyzer.

15. The method of claim 14, further comprising:

determining at least one of an index of the highest tap

coellicient and a group delay that is based on a tap
coellicient phase response.

16. The method of claim 11, further comprising:

downloading a training sequence that includes a plurality

of pseudo-random training symbols to the signal gen-
erator by the controller.

17. The method of claim 11, further comprising:

determiming a cable frequency response by the controller.

18. The method of claim 11, further comprising;:

sampling the returned signal that 1s at least one of a

reflected signal and a loop-back signal.

19. The method of claim 14, further comprising;:

determining the phase response based on the transtformed

tap coellicients by a phase extractor; and

determining the round-trip delay from the differentiation

of the phase response with respect to the radian fre-
quency by a differentiator.

20. The method of claim 11, further comprising:

determining, by the controller, the length of the cable by

dividing the round-trip delay by a pre-determined group
velocity at which the training signal propagates on the
cable.
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